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(57) ABSTRACT

A liquid phase laser ablation apparatus is provided, which
includes a vessel for storing liquid in which a component to be
atomized is arranged; a laser oscillating device for oscillating
a laser light irradiated to the component through the liquid; a
reflecting mirror configured to freely change an angle of
incidence of the laser light with respect to a surface of the
liquid; a focusing lens for focusing the laser light oscillated
from the laser oscillating device; a cover body for covering an
upper surface of the vessel; and a laser light introduction port
provided on the cover body or a side surface of the vessel
above the surface of the liquid. Accordingly, liquid will not
adhere to optical components constituting the apparatus,
there is little contamination and damage to the optical com-
ponents, and laser ablation can occur in a continuous and
stable manner for a long period of time.
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LIQUID PHASE LASER ABLATION METHOD
AND APPARATUS

TECHNICAL FIELD

The present invention relates to a liquid phase laser abla-
tion method and apparatus for performing ablation of a com-
ponent to be atomized by using pulsed laser light (irradiation)
in the liquid phase, and generating atomized fine particles
having diameter of a nanometer order. In particular, the
present invention relates to a liquid phase laser ablation
method and liquid phase laser ablation apparatus in which a
liquid does not adhere to optical components or the like
constituting the laser ablation apparatus, so that attrition and
damage of the optical components can be reduced, and the
laser ablation operation can be continuously and stably con-
tinued over a long period of time.

BACKGROUND ART

As a conventional method comprising the steps of: irradi-
ating the pulse laser light (pulsed laser irradiation) to a com-
pact body composed of various powders; releasing particles
as finely atomized component thereby to generate fine par-
ticles having a particle diameter of nanometer order, such a
conventional method has been mainly performed in a gaseous
phase under pressure-reduced condition such as in a vacuum
vessel.

In comparison with the above conventional gaseous phase
laser ablation method, there has been eagerly developed and
advanced the liquid phase laser ablation method in which the
ablation operation is performed in the liquid phase in view of
the following advantageous points:

a) an amount of scatter of the nanoparticles is small, and all of
the generated nanoparticles can be utilized as a product;

b) a highly-cost vacuum equipment is not necessary, a struc-
ture of the equipment or facility therefor can be simplified and
a facility cost is low;

¢) a particle size distribution of the generated nanoparticles is
sharp, and a scattering (variation) in the particle size is small;
d) the generated nanoparticles do not contact ambient air, so
that impurities are not mixed into the nanoparticles as the
product, so that the nanoparticles having high purity can be
obtained;

e) the generated nanoparticles cause less agglomeration in the
liquid phase than in the gaseous phase, and the nanoparticles
can be taken out in a state where the nanoparticles are uni-
formly dispersed in the liquid phase; and the like.

FIG. 8 shows an example of a structure of the conventional
liquid phase laser ablation apparatus disclosed in Japanese
Patent Application (Laid-Open) Publication No. 2004-90081
(Patent Document 1). A laser light L. oscillated from the laser
oscillation device 21 is reflected by a reflecting mirror 22
toward a direction of a liquid 24, and vertically enters in a
liquid surface.

Namely, the above-mentioned liquid phase laser ablation
apparatus disclosed in the above Patent Document discloses a
method comprising steps of: immersing a target 32 in the
liquid 24 stored in a vessel (cell), the target 32 containing a
component to be atomized; irradiating a laser light L. which is
focused by a focusing lens (collecting lens) 23 onto a surface
of the target 32 from upward direction, and generating nano-
particles of, for example, metal, oxide, organic compounds,
or the like that constitute the target 32.

Moreover, FIG. 7 shows another example of a structure of
the conventional liquid phase laser ablation apparatus dis-
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2

closed in Japanese Patent Application (LLaid-Open) Publica-
tion No. 2006-122845 (Patent Document 2).

Namely, the above-mentioned Patent Document 2 dis-
closes a liquid phase laser ablation apparatus in which a
penetration hole 16 is provided to a side wall of the vessel 11
composed of glass with which the liquid 24 is filled, and a
laser light introduction window (window body) 14 is fitted in
the penetration hole 16.

The target 32 is immersed in the liquid 24 stored in the
vessel 11. The laser light [ which is oscillated in a horizontal
direction form the laser oscillating device 21 is focused (con-
verged) by the focusing lens 23 so that a focus of the laser
light L. is formed on a surface of the target 32. Thereafter, the
focused laser light L is irradiated in a horizontal direction to
the target 32 through the laser light introduction window 14.
As a result, the component of the target 32 is generated as
finely atomized particles having a form of atom, molecule,
ion, or cluster-shape.

PRIOR ART DOCUMENTS
Patent Document

[Patent Document 1] Japanese Patent Application (Laid-
Open) No. 2004-090081.

[Patent Document 2] Japanese Patent Application (Laid-
Open) No. 2006-122845.

SUMMARY OF INVENTION
Problems to be Solved by the Invention

However, in the conventional liquid phase laser ablation
apparatus disclosed in the above-mentioned patent document
1, due to an impact force generated at a time when the laser
light is incident into a liquid surface, “liquid rebounding
phenomenon” occurs from a liquid surface portion at which
the laser light is incident, as the same manner as in a case as
if a stone is thrown off on a water surface and the water is
rebounded. As a result of “the rebounding phenomenon of the
liquid”, droplets would scatter or splash to an upper part of the
incident point and its circumference, so that there may be
arisen a problem such that circumference equipment or facili-
ties are damaged or defiled.

Although the amount of scattering (rebounding) of these
droplets changes in accordance with output power of the laser
light, the scattering of the droplets generally occurs within a
range from the liquid surface to a portion 20-30 cm apart from
the liquid surface. When these rebounded liquid are adhered
to optical components such as the focusing lens, a reflection
mirror or the like, absorption, scattering (dispersion), and
reflection of the laser light will occur at the adhered portion,
so that the optical components are damaged, and the adhered
portion will partially ground (peeled off) thereby to generate
fine components of the optical components, then the gener-
ated fine components are disadvantageously mixed into the
liquid thereby to cause a contamination of the liquid. As a
result, impurities are mixed into a group of nanoparticles as a
product, so that there may arise a greater risk such that the
purity of the product is lowered or the like.

Moreover, due to the damage or defilement of the optical
components, irradiating conditions of the laser light cannot be
kept constant and the conditions are unstably changed, so that
there may be posed problems such that the laser light cannot
be stably irradiated to the target for a long period of time, and
an operation control for the laser ablation apparatus becomes
to be complicated.
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On the other hand, in the conventional liquid phase laser
ablation apparatus indicated in the Patent Document 2, the
apparatus is not a system for irradiating the laser light to the
liquid surface, the phenomenon of “rebound of liquid” would
not occur. However, even if the window body (laser light
introduction window) is formed from material such as quartz
glass, calcium fluoride or the like having a high transmittance
with respect to the laser light, the absorption, scattering (dis-
persion), and reflection of the laser light will occur at a portion
(interface) at which the window body contacts the liquid
contained in the vessel, as the same manner as in the apparatus
disclosed in the Patent Document 1.

Then, the window body causes a scarred portion, and a
transmittance of the laser light at the scarred and damaged
portion is disadvantageously lowered, so that not only an
ablation operation cannot be efficiently performed, but also
segments generated by the window body being ground are
mixed ina product as contamination. As a result, there may be
also posed a problem such that a purity of the nanoparticles as
the product is disadvantageously lowered.

Furthermore, when the laser light is repeatedly irradiated to
the scarred portion formed to the window body, cracks are
liable to occur to the scarred portion, so that there may be a
greater risk such that the window body is finally broken, and
there is also a disadvantage such that it takes a lot of troubles
and cost over the replacement of parts constituting the appa-
ratus.

Further, as the same manner as in the apparatus disclosed in
the Patent Document 1, the irradiating conditions of the laser
light cannot be kept constant and the conditions are unstably
changed, so that there may be also posed problems such that
the laser light cannot be stably irradiated to the target for a
long period of time, and the operation control for the laser
ablation apparatus becomes to be complicated.

The present invention had been achieved for solving the
problems inherent to the conventional prior arts, and an object
of the present invention is to provide a liquid phase laser
ablation method and a liquid phase laser ablation apparatus
capable of performing the laser ablation continuously and
stably and capable of stably generating atomized particles,
due to structures such that even if the liquid rebounds, the
rebounded liquid would not adhere to the optical components
such as the focusing lens (collection lens), the reflecting lens,
the window body of vessel or the like, and these optical
components are configured so as not to contact the liquid.

Moreover, another object of the present invention is to
provide a liquid phase laser ablation method and a liquid
phase laser ablation apparatus for a case where the atomized
particles are generated by irradiating a laser light to a target
containing a component to be atomized, in which the laser
ablation is continuously performed by stably irradiating the
laser light to the target whereby the atomized particles are
efficiently generated.

Solution to Problem

In order to achieve the above-mentioned object, the present
invention provides a liquid phase laser ablation apparatus
comprising: a vessel for storing liquid in which a component
to be atomized is arranged; a laser oscillating device for
oscillating a laser light irradiated to the component through
the liquid; a reflecting mirror configured to freely change an
angle of incidence of the laser light with respect to a surface
of the liquid; a focusing lens for focusing the laser light
oscillated from the laser oscillating device; a cover body for
covering an upper surface of the vessel; and a laser light
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introduction port provided on the cover body or a side surface
of the vessel above the surface of the liquid,

Further, in the above-mentioned liquid phase laser ablation
apparatus, it is preferable that the component to be atomized
is arranged in the liquid as a target compact containing par-
ticles of the component to be atomized.

On the other hand, in the above-mentioned liquid phase
laser ablation apparatus, it is also preferable that the compo-
nent to be atomized is arranged as a slurry in which the
particles of the component to be atomized are dispersed in the
liquid.

That is, in the liquid phase laser ablation apparatus accord-
ing to the present invention, the following two types of liquid
phase laser ablation methods can be adopted in accordance
with forms of arranging the component to be atomized in the
liquid.

Namely, there can be employed one method comprising the
steps of: preparing a target containing the component to be
atomized; immersing the target into the liquid; irradiating a
laser light to the target; and generating the atomized particles.
Further, there can be also employed another method compris-
ing the steps of: preparing a slurry (dispersion liquid) in
which relatively large particles (particle size of sub-micron to
several millimeters) of the component to be atomized are
dispersed; irradiating a laser light to the dispersed particles in
the slurry; and generating the atomized particles.

Since an upper surface of the vessel is covered with the
cover body (lid), the liquid or the slurry rebounded by the
irradiation of the laser light would not adhere to the focusing
lens or the reflecting mirror, so that the laser ablation can be
stably continued for a long period of time, and the nanopar-
ticles can be generated efficiently.

Furthermore, in the above-mentioned liquid phase laser
ablation apparatus, it is also preferable that the angle of inci-
dence of the laser light with respect to the surface of the liquid
is setto exceed O degree and less than 90 degrees. The incident
angle of the laser light being to “exceed 0 degree and less than
90 degrees” has the same meaning as “exceed 90 degrees and
less than 180 degrees” when expressed in terms of supple-
mental angle.

In this case, since the incident angle of the laser light with
respect to the liquid surface becomes to an angle other than a
perpendicular angle, “the liquid-rebounding phenomenon” in
the same direction as in a direction introducing the laser light
from a portion at which the laser light is incident does not
occur, and there is no fear of defiling the circumference equip-
ment installed close to an incident point.

Moreover, since the rebounded liquid would not adhere to
the optical components such as a focusing lens and a reflect-
ing mirror or the like, the absorption, scattering, reflection or
the like of the laser light would not take place at all. In
addition, a contamination by segments exfoliated from the
optical components can be eliminated, and lowering in the
purity of the product can be effectively prevented.

In addition, as for the incident angle of the laser light with
respect to the surface of the above-mentioned liquid, it is
more preferable that the incident angle is set to be 10 degrees
or more and 80 degrees or less, and it is still more preferable
that the incident angle is set to be 20 degrees or more and 70
degrees or less.

Moreover, since there is little contamination and damage to
the optical components, the irradiation conditions of the laser
light can be kept constant, and there can be obtained a remark-
able effect such that the laser light can be stably irradiated for
a long period of time, and the operation control for the laser
ablation apparatus becomes easy.
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Furthermore, in the above-mentioned liquid phase laser
ablation apparatus, it is also preferable that a window body
having a light transmitting property is fitted (inserted) into the
laser light introduction port. In this case, even in a case where
the vessel is configured to have an air-tight structure by fitting
the window body into the laser light introduction port or by
fitting the window body into an tip end portion of a laser light
introduction pipe which is led out from the laser light intro-
duction port, the liquid or the slurry rebounded by the irra-
diation of the laser light would not adhere to the window
body. Therefore, the irradiating conditions of the laser light
would not be changed, and it becomes possible to continu-
ously perform the laser ablation in a stable state, and the finely
atomized particles can be efficiently generated.

Moreover, when the above-mentioned window body is
installed, the liquid and the generated nanoparticles may not
contact the ambient air, an amount of impurities to be mixed
into a product can be reduced sharply.

Furthermore, in the above-mentioned liquid phase laser
ablation apparatus, it is also preferable that a laser light intro-
duction pipe is drawn out at an attaching angle which is the
same angle as the incident angle of the laser light with respect
to the surface of the liquid. When the laser light introduction
pipe is arranged in such the above manner, an introduction
path of the laser light can be formed at the same angle as the
incident angle of the laser light.

In addition, since the laser light introduction pipe is pro-
vided at the same attaching angle as the incident angle of the
laser light, even in a case where the laser light is irradiated
through the laser light introduction pipe, the adhesion by the
above “rebounds of the liquid” would not arise in the laser
light introduction pipe.

Furthermore, in the above-mentioned liquid phase laser
ablation apparatus, it is also preferable that the window body
having a light transmitting property is fitted into a tip end
portion of the laser light introduction pipe. When this window
body is provided, the liquid and the generated nanoparticles
may not contact the ambient air, so that an impurity amount to
be mixed in a product can be reduced.

Moreover, the present invention provides a liquid phase
laser ablation method comprising the steps of: preparing a
liquid in which a component to be atomized is arranged;
irradiating a laser light to the liquid thereby to carry out
ablation of the component to be atomized and generate atom-
ized particles; wherein an angle of incidence of the laser light
with respect to the surface of the liquid is set to exceed 0
degree and less than 90 degrees.

Furthermore, in the above-mentioned liquid phase laser
ablation method, as the same manner as in the aforemen-
tioned ablation apparatus structure, the component to be
atomized can be arranged in the liquid as a target compact
containing the component to be atomized, or the component
to be atomized can be arranged as a slurry in which the
particles of the component to be atomized are dispersed in the
liquid.

Effect of the Invention

According to the above liquid phase laser ablation appara-
tus and the method of the present invention, when the laser
light is irradiated to the target arranged in the liquid and
containing the component to be atomized or the laser light is
irradiated to the slurry in which particles of the component to
be atomized are dispersed, the laser light can be irradiated at
an irradiation angle other than vertical angle.

In addition, since the upper surface of the vessel is covered
with the cover body, the liquid or the slurry rebounded by the
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irradiation of the laser light would not adhere to the optical
components such as the focusing lens, the reflecting mirror or
the like. Accordingly, the absorption, scattering, reflection or
the like of the laser light would not take place at all. In
addition, a contamination caused by exfoliation of the optical
components can be eliminated, and lowering in the purity of
the product can be effectively prevented.

Moreover, since the liquid or the slurry rebounded by the
irradiation of the laser light would not adhere to an optical
system, the irradiating conditions of the laser light would not
be varied or changed, and it becomes possible to continuously
perform the laser ablation in a stable state, and the finely
atomized particles can be efficiently generated.

BRIEF EXPLANATION OF DRAWINGS

FIG. 1 It is a sectional view showing an entire structure of
a liquid phase laser ablation apparatus according to one
embodiment of the present invention.

FIG. 2 Tt is a sectional view showing an essential structure
of'aliquid phase laser ablation apparatus according to another
embodiment of the present invention.

FIG. 3 It is a sectional view showing an essential structure
of a liquid phase laser ablation apparatus according to still
another embodiment of the present invention.

FIG. 4 Tt is a sectional view showing an essential structure
of a liquid phase laser ablation apparatus according to yet
another embodiment of the present invention.

FIG. 5 It is a sectional view showing an essential structure
of a liquid phase laser ablation apparatus according to other
embodiment of the present invention.

FIG. 6 It is a sectional view showing an essential structure
of a liquid phase laser ablation apparatus according to other
embodiment of the present invention.

FIG. 7 It is a sectional view showing an entire structure of
a conventional liquid phase laser ablation apparatus.

FIG. 8 It is a sectional view showing an entire structure of
another conventional liquid phase laser ablation apparatus.

DESCRIPTION OF EMBODIMENTS

FIG. 1 is a sectional view showing an entire structure of a
liquid phase laser ablation apparatus according to one
embodiment of the present invention. The present embodi-
ment shows an example in which a target compact containing
a component to be atomized is arranged in a liquid.

Namely, the liquid phase laser ablation apparatus accord-
ing to the present embodiment is configured to comprise: a
vessel 11 for storing liquid 31 in which a component to be
atomized is arranged; a laser oscillating device 21 for oscil-
lating a laser light L. irradiated to the component through the
liquid 31; a reflecting mirror 22 configured to freely change
an angle 0 of incidence of the laser light I with respect to a
surface of the liquid 31; a focusing lens 23 for focusing the
laser light L oscillated from the laser oscillating device 21; a
cover body 12 for covering an upper surface of the vessel 11;
and a laser light introduction port 13 provided on the cover
body 12.

Moreover, the component to be atomized is arranged in the
liquid 31 as a target compact 32 containing the component to
be atomized.

The vessel 11 has an opening portion at an upper surface
thereof, and has an approximately rectangular-shape in sec-
tion. The opening portion of the vessel 11 is equipped with the
plate-shaped cover body (lid) 12. A ring-shaped packing (il-
lustration abbreviation) is interposed between the upper end
surface of the vessel 11 and the peripheral portion of the cover
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body 12, thereby to form a structure in which both the cover
body 12 and the vessel 11 are closely contact to each other.

A part of the cover body 12 is opened, and constitutes the
laser light introduction port 13. Although FIG. 1 shows that
the laser light introduction port 13 is opened at a portion of the
cover body 12, the laser light introduction port 13 may be also
formed at a side portion of the vessel 11 and the side portion
is upwardly apart from a surface of the liquid.

Anoptical system consists of the laser oscillation device 21
which oscillates the laser light L, the reflecting mirror 22 for
reflecting the laser light L, and the focusing lens 23 which
focuses the laser light L. Although a wavelength of the laser
light is not particularly limited, there can be suitably used, for
example, a fundamental wave (wavelength: 1064 nm), a 2"¢
harmonic wave (wavelength: 532 nm), a 3"¢ harmonic wave
(wavelength: 355 nm) and a 4” harmonic wave (wavelength:
266 nm) of the Nd: YAG laser which oscillates pulsed laser
irradiation. As another example of other irradiation condi-
tions, an output: 100 ml/pulse, a pulse frequency: 10 pulse/
sec are also suitable.

The liquid 31 is stored in the vessel 11 and the target is
immersed into the liquid 31. A material for constituting the
vessel 11 and the cover body 12 is not particularly limited.
However, a synthetic resin such as polypropylene or the like
can be used. Further, glass may also be sufficiently used as the
material.

Although the liquid 31 having a high transparency (trans-
lucency) is preferable as for the liquid 31, the liquid is not
particularly limited. For example, ethanol, methanol, iso-
propanol, toluene, xylene, acetone, water, or the like can be
suitably used.

The laser light L. which is focused by the focusing lens 23
is configured so as to be irradiated to a surface of the target 32
arranged in the liquid 31 at almost a focal point position of the
laser light L.

In this connection, in the liquid phase laser ablation appa-
ratus shown in FIG. 1, although the target 32 is horizontally
positioned on a bottom surface of the vessel 11, the target 32
may also be obliquely arranged so that the irradiated laser
light L is perpendicularly irradiated to a plane surface of the
target 32 from an almost vertical direction with respect to the
plane surface of the target 32.

Moreover, in order to avoid that the laser light L is repeat-
edly irradiated to a specified surface portion of the target 32
and only the specified surface portion of the target 32 is
subjected to the ablation, it is more preferable to configure the
ablation apparatus so that the laser light L is irradiated to an
entire surface of the target 32. Concretely, the vessel 11 per se
including the target 32 is horizontally moved from front to
back and from side to side utilizing a well-known driving
method and moving mechanism, or only the target 32 is
horizontally moved from front to back and from side to side,
oronly the target is eccentrically rotated utilizing well-known
various driving equipments.

In the liquid phase laser ablation apparatus according to the
above embodiment, the laser light [ oscillated from the laser
oscillation device 21 is reflected in a predetermined angle
direction by the reflecting mirror 22 of which a reflecting
surface is freely rotatable. An incident angle 0 of the reflected
laser light L. with respect to the surface of the liquid 31 is set
to an angle exceeding 0 degree and less than 90 degrees, and
more preferably set to an angle of 10 degrees or more and 80
degrees or less.

Then, the reflected laser light L is further focused by the
focusing lens 23. The focused laser light . passes through the
laser light introduction port 13 and is irradiated to the target
32 arranged at a bottom portion of the liquid 31. At this time,
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the component to be atomized, which is contained in the
target 32, is subjected to the ablation by the laser light,
thereby to generate nanoparticles having a fine particle diam-
eter.

According to the liquid phase laser ablation apparatus of
the above-mentioned embodiment, the incident angle 6 of the
laser light L with respect to the surface of the liquid is set to
the angle exceeding 0 degree and less than 90 degrees, and the
incident angle would not take a verticality but takes an angle
other than right angle, so that there are few possibilities of
causing the “liquid-rebounding phenomenon” in which the
liquid is rebounded from an incident portion of the laser light
at liquid surface to a direction which is the same direction as
the laser light introduction direction, whereby there is no fear
of circumferential parts positioned close to the incident point
of' the laser light being contaminated and damaged.

Inaddition, since the rebounded liquid 31 would not adhere
to the optical components such as the focusing lens 23 and the
reflecting mirror 22 or the like, so that the absorption, scat-
tering and reflection of the laser light I would not take place.
Moreover the contamination caused by the segments exfoli-
ated from the optical components is eliminated, so that the
lowering in purity of a product can be effectively prevented.

Moreover, since there is little contamination or damage to
the optical components, the conditions for irradiating the
laser light become constant, and the laser light can be stably
irradiated for a long period of time, so that there can be
obtained an effect such that an operational control of the
ablation apparatus can become easy.

FIG. 2 is a sectional view showing an essential portion of a
liquid phase laser ablation apparatus according to another
embodiment of the present invention. This liquid phase laser
ablation apparatus is configured to have the same structure as
the embodiment shown in FIG. 1 except in a point that a
window body 14 having a high translucency is fitted into the
laser light introduction port 13.

In order to prevent a loss caused by the reflection of the
laser light L, the above-mentioned window body 14 is com-
posed of a circular-plate shaped silica glass (quartz glass)
having a high transparency (translucency), and the window
body 14 is formed with antireflection coating.

When the above-mentioned window body 14 is fitted and
arranged into the laser light introduction port 13 and a func-
tion of the cover body 12 is also utilized, an inner space of the
vessel 11 can be made to have an almost air-tightly closed
state. Therefore, the liquid 31 and the generated nanoparticles
do not contact ambient air, so that an amount of impurities to
be mixed into a product can be reduced.

In this connection, whether the vessel 11 is configured to
form a closed system or an open system is appropriately
selected in accordance with physical properties etc. of the
liquid 31 and the component to be atomized, which consti-
tutes the target 32. Further, in a case where the vessel 11 is
configured to form the closed system, the closed system can
be also substantially formed by a well-known method in
which the air contained in the vessel 11 and the liquid 31
retained in the vessel 11 is replaced with inert gas or nitrogen
gas whereby an inside of the vessel 11 is interrupted from an
ambient air (open air).

FIG. 3 is a cross sectional view showing an essential por-
tion of a liquid phase laser ablation apparatus according to
another embodiment of the present invention. This liquid
phase laser ablation apparatus is configured to have the same
structure as the embodiment shown in FIG. 1 except in a point
that a cylindrical laser light introduction pipe 15 is drawn out
from the laser light introduction port formed to the cover body
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12, at an attaching angle which is the same angle 0 as the
incident angle of the laser light L with respect to the surface
of the liquid 11.

Thus, when the laser light introduction pipe 15 is arranged,
a path for introducing the laser light can be formed at the same
angle as the incident angle of the laser light. Further, since the
laser light introduction pipe 15 is formed at the same attach-
ing angle as the incident angle 0 of the laser light, even in a
case where the laser light L. is irradiated through the laser light
introduction pipe 15, an adhesion due to the above “rebound-
ing of the liquid” would not arise inside the laser light intro-
duction pipe 15.

FIG. 4 is a sectional view showing an essential structure of
a liquid phase laser ablation apparatus according to yet
another embodiment of the present invention. This liquid
phase laser ablation apparatus is configured to have the same
structure as the embodiment shown in FIG. 3 except in a point
that a window body 14 having a light transmittance is fitted
into another end portion (tip end side) of the laser light intro-
duction pipe 15. In this connection, a material for constituting
the laser light introduction pipe 15 is the same as that of the
afore-mentioned vessel 11.

When this window body 14 is fitted and arranged into the
laser light introduction pipe 15, the liquid and the generated
nanoparticles do not contact the ambient air, so that the
amount of impurities to be mixed into the product can be
reduced. In addition, the scattered liquid and the splashed
slurry would not adhere to the window body 14, so that the
irradiating conditions of the laser light can be maintained
constant.

FIG. 5 is a sectional view showing an essential structure of
a liquid phase laser ablation apparatus according to yet
another embodiment of the present invention. This liquid
phase laser ablation apparatus is configured to have the same
structure as the embodiment shown in FIG. 3 except in a point
that the laser light introduction port 13 is provided to a side
surface of the vessel 11, and is provided to an upper portion
from a surface of the liquid 31, and the laser light introduction
pipe 15 is drawn out from this laser light introduction port 13.
Furthermore, the cylindrical laser light introduction pipe 15 is
formed at the same attaching angle as the incident angle 6 of
the laser light L.

In this embodiment, the laser light introduction port 13 is
provided to the side surface of the vessel 11 and is provided to
the upper portion apart from the surface of the liquid 31, and
one end of the cylindrical laser light introduction pipe 15 is
connected to the laser light introduction port 13, and the pipe
15 is extended obliquely upward, so that the laser light intro-
duction pipe 15 would not contact the liquid 31. Therefore,
the laser light would not damage the window body unlike the
window body 14 immerged in the liquid 24 as shown in FIG.
7.

FIG. 6 is a sectional view showing an essential structure of
a liquid phase laser ablation apparatus according to yet
another embodiment of the present invention. This liquid
phase laser ablation apparatus is configured to have the same
structure as the embodiment shown in FIG. 5 except in a point
that an window body 14 having a light transmittance is fitted
and arranged into another end portion (upper end portion) of
the laser light introduction pipe 15.

When this window body 14 is fitted and arranged into the
laser light introduction pipe 15, the liquid 31 and the gener-
ated nanoparticles do not contact the ambient air, so that the
amount of impurities to be mixed into the product can be
reduced. In addition, the rebounded (scattered) liquid 31 and
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the splashed slurry would not adhere to the window body 14,
so that the irradiating conditions of the laser light can be
maintained constant.

Next, although illustration is not carried out, another
embodiment using a slurry will be explained hereunder. In
this embodiment, the slurry in which particles of the compo-
nent to be atomized are dispersed is used in place of the
afore-mentioned target 32.

This liquid phase laser ablation apparatus is configured, for
example, so as to comprise: a vessel for holding the slurry in
which the particles of the component to be atomized are
dispersed; a laser oscillation device for oscillating the laser
light to irradiate the particles contained in this slurry with
laser light; a focusing lens for focusing the laser light oscil-
lated from the laser oscillation device; a reflecting mirror
configured to freely change an angle of incidence of the laser
light with respect to a surface of the afore-mentioned slurry;
a cover body for covering an upper surface of the vessel; and
a laser light introduction port provided on the cover body or a
side surface of the vessel.

Further, the incident angle of the laser light with respect to
a surface of the slurry is set to a value exceeding 0 (zero) and
less than 90 degrees, more preferably set to a value of 10
degrees or more and 80 degrees or less.

Moreover, in a case where the above liquid phase laser
ablation apparatus is used and the laser light is irradiated to
the slurry in which the particles of the component to be
atomized are dispersed, it is effective to configure the appa-
ratus so that the particles contained in the liquid are uniformly
irradiated by the laser light.

Concretely, agitators or stirrers having various shapes
attached to rotation shafts are prepared, and the agitator or the
like is installed into the slurry stored in the vessel whereby the
slurry is agitated by the agitator or the like.

As another countermeasure, it is also effective to stir the
slurry by means of a magnetic stirrer in which a stirrer (rod-
shaped magnet) of which surface is subjected to surface coat-
ing of Teflon (registered trademark) or the like is enclosed in
the vessel, and a rotating magnetic field is applied to the stirrer
from outside of the vessel 11 whereby a rotation power is
transmitted to the stirrer.

As described above, also in case of this embodiment using
the slurry in which the particles of the component to be
atomized are dispersed, the following advantageous effects
can be obtained as the same manner as the previous embodi-
ment using the target.

That is, the incident angle of the laser light with respect to
the surface of the slurry is set to the angle exceeding 0 degree
and less than 90 degrees, and the incident angle would not
take a verticality but takes an angle other than right angle, so
that there are few possibilities of causing the “liquid-rebound-
ing phenomenon” in which the slurry is rebounded from an
incident portion of the laser light at slurry surface to a direc-
tion which is the same direction as the laser light introduction
direction, whereby there is no fear of circumferential parts
being contaminated and damaged.

In addition, since the rebounded liquid 31 (slurry) would
not adhere to the optical components, so that the absorption,
scattering and reflection of the laser light . would not take
place. Moreover the contamination caused by the segments
exfoliated from the optical components is eliminated, so that
the lowering in purity of a product can be effectively pre-
vented.

Moreover, since there is little contamination or damage to
the optical components, the conditions for irradiating the
laser light become constant, and the laser light can be stably
irradiated for a long period of time, so that there can be
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obtained an effect such that an operational control of the
ablation apparatus can become easy.

Next, the following comparative experiments were con-
ducted using the liquid phase laser ablation apparatuses
according to concrete Examples and Comparative Examples.
Specifications and operating conditions of parts commonly
used in both Examples and Comparative Examples are as
follows.

(1) As the vessel, a box-shaped glass vessel having inner
dimensions of 50 mm length, 75 mm wide and 52 mm depth
with an internal volume of 200 cm?, and an effective internal
volume of 160 cm? for injecting the liquid or slurry was used.
(2) A pure water was used as the liquid to be filled up in the
vessel.

(3) Gold (Au) was used as the target.

(4) As the laser oscillation device, there was used a Nd:YAG
laser oscillation device for oscillating a laser light having a
wavelength of 266 nm in ultraviolet light range, of which the
output power was 100 mJ/pulse and the pulse frequency was
10 pulses/sec (PPS).

Firstly, as a Comparative Example, an ablation operation
was carried out by using the conventional liquid phase laser
ablation apparatus shown in FIG. 8. In this case, an incident
angle of the laser light L was fixed so that the laser light L
might enter perpendicularly to the surface of the liquid 24.

On the other hand, liquid phase laser ablation apparatuses
according to Examples shown in FIG. 1 were produced by
modifying the optical system of the conventional liquid phase
laser ablation apparatus shown in FIG. 8. Namely, the reflect-
ing mirror 22 was appropriately rotated so that the incident
angle d of the laser light [ with respect to the liquid surface of
the liquid (pure water) 31 filled up in the vessel was varied
within a range of 30 to 60 degrees, and each of the incident
angle of the laser light I was fixed.

Then, when the above liquid phase laser ablation appara-
tuses according to Examples and Comparative Example were
continuously operated under the same conditions, deteriora-
tion (variation with time) of the irradiating condition of the
laser light and an amount of generated nanoparticles were
measured and compared.

In this regard, the deterioration of the irradiating condition
was measured as a time range from an initial state to a time
when the irradiating condition of the laser light was varied
(deteriorated) at 5% or more because the liquid or the slurry
was rebounded by the irradiation of the laser light and the
rebounded liquid or the slurry was adhered to the optical
system such the focusing lens or the like.

The amount of the generated nanoparticles was measured
as an amount of nanoparticles which can be manufactured in
one continuous operation of the laser ablation apparatus.

As a result, in each of the apparatuses of Examples, the
liquid or slurry rebounded by the irradiation of the laser light
did not adhere to the optical components such as the focusing
lens or the like.

Therefore, in each of the apparatuses of Examples, 5% or
more of variation in the irradiating condition of the laser light
was not observed at all even if the irradiation was continued
for 5 hours or longer. In contrast, in a case where the com-
parative apparatuses were used, a time until the irradiating
condition of the laser light was changed by 5% or more was
about 5 minutes.

In addition, a weight of the nanoparticles capable of being
manufactured in one continuous operation could be increased
by 5 to 7 times as compared with a case where the apparatus
of comparative example was used, and it was confirmed that
the manufacturing efficiency of the nanoparticles could be
remarkably improved.
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As explained above, in each of the embodiments, the fun-
damental structure of the present invention is to adjust the
incident angle of the laser light so that the liquid or slurry
rebounded by the laser light irradiation to the liquid or slurry
may not adhere to the optical components such as the focus-
ing lens, the reflecting mirror, the window body.

Thatis, an essential requirement for the present invention is
that at least the laser light is irradiated to the liquid surface at
anincident angle other than vertical angle (right angle). In this
regard, although the incident angle becomes different in
accordance with a type of embodiment, if the degree of inci-
dent angle of the laser light to with respect to the liquid
surface is indicated by “8”, the 6 can be arbitrarily selected
from a range specified by a relation formula:

0<0<90° or 90°<0<180°.

Moreover, the incident angle of the laser light with respect to
the liquid surface may appropriately change during the opera-
tion of the laser ablation.

INDUSTRIAL APPLICABILITY

According to the liquid-phase laser ablation apparatus and
the liquid-phase laser ablation method of the present inven-
tion, when the laser light is irradiated to the target arranged in
the liquid and the target containing the component to be
atomized, or the slurry in which the particles of the compo-
nent to be atomized are dispersed, the laser light can be
irradiated to the liquid at an incident angle other than vertical
angle (right angle).

In addition, also the upper surface of the vessel is covered
with the cover body (lid), the liquid or the slurry rebounded by
the irradiation of the laser light would not adhere to the optical
components such as the focusing lens or the reflecting mirror.
Therefore, the absorption, scattering, reflection or the like of
the laser light would not take place at all. In addition, a
contamination by segments exfoliated from the optical com-
ponents can be eliminated.

Moreover, since the liquid or the slurry rebounded by the
irradiation of the laser light would not adhere to an optical
system, the irradiating conditions of the laser light would not
be varied or changed, and it becomes possible to continuously
perform the laser ablation in a stable state, and the finely
atomized particles can be efficiently generated.

REFERENCE SIGNS LIST

11 .. . vessel (cell), 12 . . . upper cover (cover body, lid),
13 .. .laserlight introduction port, 14 . . . window body (laser
light introduction window), 15 . . . laser light introduction
pipe, 16 . . . penetration hole, 21 . . . laser oscillation device,
22 .. .reflecting mirror, 23 . . . focusing lens (collecting lens),
24 ... liquid, 31 . . . liquid (or slurry in which particles are
dispersed), 32 . . . target, —laser light.

The invention claimed is:

1. A liquid phase laser ablation apparatus comprising:

a vessel having an interior storing liquid and a component
to be atomized, the component to be atomized being
arranged in the liquid;

alaser oscillating device configured to oscillate a laser light
and to irradiate the component through the liquid;

a reflecting mirror configured to freely change an angle of
incidence of the oscillated laser light with respect to an
upper surface of the liquid;

a focusing lens configured to focus the oscillated laser

light;
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a cover body configured to cover an upper surface of the

vessel; and

a laser light introduction pipe extending above the upper

vessel surface at the angle of incidence and opening into
the vessel interior at a laser light introduction port pro-
vided above the upper liquid surface on either the cover
body or on a side surface of the vessel distinct from the
upper vessel surface,

wherein said angle of incidence of the laser light with

respect to the surface of the liquid is set to a predeter-
mined angle exceeding 0 degrees and which is less than
80 degrees.

2. The liquid phase laser ablation apparatus according to
claim 1, wherein said component to be atomized is arranged
in the liquid as a target compact containing the component to
be atomized.

3. The liquid phase laser ablation apparatus according to
claim 1, wherein said component to be atomized is arranged
as a slurry in which particles of the component to be atomized
are dispersed in the liquid.

4. The liquid phase laser ablation apparatus according to
claim 1, wherein a window body having a light transmitting
property is fitted to the laser light introduction port.

5. The liquid phase laser ablation apparatus according to
claim 1, wherein said angle of incidence is 10 degrees or more
and 80 degrees or less.

6. The liquid phase laser ablation apparatus according to
claim 1, wherein said angle of incidence is 20 degrees or more
and 70 degrees or less.
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7. The liquid phase laser ablation apparatus according to
claim 1, wherein the liquid is selected from ethanol, metha-
nol, iso-propanol, toluene, xylene, acetone, or water.

8. A liquid phase laser ablation method comprising:

preparing the liquid phase laser ablation apparatus accord-

ing to claim 1;

preparing the liquid storing the component to be atomized;

and

irradiating the laser light into the liquid at the angle of

incidence so as to ablate the component and generate
atomized particles of the component.

9. The liquid phase laser ablation method according to
claim 8, wherein said component to be atomized is arranged
in the liquid as a target compact containing the component to
be atomized.

10. The liquid phase laser ablation method according to
claim 8, wherein said component to be atomized is arranged
as a slurry in which particles of the component to be atomized
are dispersed in the liquid.

11. The liquid phase laser ablation method according to
claim 8, wherein said angle of incidence is 10 degrees or more
and 80 degrees or less.

12. The liquid phase laser ablation method according to
claim 8, wherein said angle of incidence is 20 degrees or more
and 70 degrees or less.

13. The liquid phase laser ablation method according to
claim 8, wherein the liquid is selected from ethanol, metha-
nol, iso-propanol, toluene, xylene, acetone, or water.
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